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Generating cellular heterogeneity is crucial to the development of complex organs. Organ-fate selector
genes and signalling pathways generate cellular diversity by subdividing and patterning naïve tissues to
assign them regional identities. The Drosophila eye–antennal imaginal disc is a well-characterised system
in which to study regional speciﬁcation; it is ﬁrst divided into antennal and eye fates and subsequently
retinal differentiation occurs within only the eye ﬁeld. During development, signalling pathways and
selector genes compete with and mutually antagonise each other to subdivide the tissue. Wingless (Wg)
signalling is the main inhibitor of retinal differentiation; it does so by promoting antennal/head-fate via
selector factors and by antagonising Hedgehog (Hh), the principal differentiation-initiating signal. Wg
signalling must be suppressed by JAK/STAT at the disc posterior in order to initiate retinal differentiation.
Ras/MEK/MAPK signalling has also been implicated in initiating retinal differentiation but its mode of
action is not known. We ﬁnd that compromising Ras/MEK/MAPK signalling in the early larval disc results
in expanded antennal/head cuticle at the expense of the compound eye. These phenotypes correspond
both to perturbations in selector factor expression, and to de-repressed wg. Indeed, STAT activity is
reduced due to decreased mobility of the ligand Unpaired (Upd) along with a corresponding loss in Dally-
like protein (Dlp), a heparan sulphate proteoglycan (HSPG) that aids Upd diffusion. Strikingly, blocking
HSPG biogenesis phenocopies compromised Ras/MEK/MAPK, while restoring HSPG expression rescues
the adult phenotype signiﬁcantly. This study identiﬁes a novel mode by which the Ras/MEK/MAPK
pathway regulates regional-fate speciﬁcation via HSPGs during development.
& 2015 Elsevier Inc. All rights reserved.Introduction
During development, a handful of conserved signal transduc-
tion pathways coordinate tissue patterning, cell fate speciﬁcation,
and differentiation to give rise to specialized adult organs. A
common feature of development is the subdivision of homo-
genous unspeciﬁed tissue into subdomains with speciﬁc regional
identities. Signalling pathways are used reiteratively along with
selector genes to assign regional identity to developing primordia
(reviewed by Tsachaki and Sprecher, 2012).
In Drosophila, the adult compound eyes, ocelli, antennae,
maxillary palps and head cuticle all arise from the larval eye–
antennal imaginal discs (reviewed by Kumar, 2012). The eye–York University, NY 10003-antennal imaginal disc therefore represents an excellent system to
study the regulation of regional-fate speciﬁcation. Early during
embryogenesis, the eye–antennal primordium lacks regional
identity (Domínguez and Casares, 2005); differences between the
presumptive eye and antennal ﬁelds only arise during the second
larval instar (L2) (Kenyon et al., 2003) when competing eye and
antennal/head fate selector factors spatially restrict each other's
expression within the naïve tissue (Wang and Sun, 2012; Weasner
and Kumar, 2013). During L2, eye ﬁeld speciﬁcation begins with
the expression of the eye selector genes twin of eyeless (toy) and
eyeless (ey). Toy and Ey, in turn, promote the expression of addi-
tional retinal determination network members, sine oculus (so),
eyes absent (eya) and dachshund (dac); together they lock in eye
fate (reviewed by Kumar, 2010). Antennal selector genes include
distalless (dll), homothorax (hth) and cut. Hth and Cut directly
repress ey transcription, and are themselves repressed by So
(Wang and Sun, 2012); this mutual antagonism results in a broad
subdivision of the naïve L2 tissue into regions competent to adopt
either eye or antennal/head fate.
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the posterior margin of the disc with the dorso-ventral (DV)
boundary, hereon referred to as the posterior centre (PC). From the
PC, photoreceptor neurogenesis sweeps across the disc towards
the anterior, coupled to a preceding wave of apical constriction,
known as the morphogenetic furrow (MF) (Ready et al., 1976). The
MF represents the leading edge of retinal differentiation. Its pro-
gression further resolves the expression domains of selector genes
within the eye ﬁeld, which will contribute to both the adult retina
and surrounding head capsule (reviewed by Kumar, 2010).
Regional speciﬁcation at this stage is dependant, not merely on
selector genes, but instead on the intersection between signal
transduction pathways and selector factors. The interplay of
Ecdysone, Notch, Ras/MEK/MAPK, Janus kinase/Signal Transducer
and Activator of Transcription (JAK/STAT), Hedgehog (Hh), Dec-
apentaplegic (Dpp) and Wingless (Wg) signalling during late L2
and early L3 is thought to culminate in MF initiation at the PC of
the eye disc (Dominguez and Hafen, 1997; Ekas et al., 2006; Kumar
and Moses, 2001; Ma and Moses, 1995; Ma et al., 1993; Niwa et al.,
2004; Treisman and Rubin, 1995; Tsai et al., 2007).
Wg signalling is the main inhibitor of retinal differentiation, MF
initiation and MF progression (Ma and Moses, 1995; Treisman and
Rubin, 1995). wg is transcribed along the dorsal and ventral mar-
gins of the eye disc. It antagonises Hh and Dpp and in doing so
represses retinal differentiation (Ma and Moses, 1995; Treisman
and Rubin, 1995; Wiersdorff et al., 1996). Wg signalling is itself
antagonised by Dpp signalling (Pignoni and Zipursky, 1997; Royet
and Finkelstein, 1997; Wiersdorff et al., 1996). A critical step
necessary for retinal differentiation is the exclusion of Wg sig-
nalling from the posterior regions of the disc (Royet and Finkel-
stein, 1997; Treisman and Rubin, 1995). The activation of Notch
signalling along the DV boundary promotes growth of the entire
disc (Chao et al., 2004; Reynolds-Kenneally and Mlodzik, 2005).
This period of growth is important for regional speciﬁcation as it
positions the posterior margin of the disc out of Wg's diffusible
range, thus enabling the initiation of retinal differentiation (Ken-
yon et al., 2003). Notch-mediated growth is facilitated in part
through Notch-induced expression of Unpaired (Upd), the JAK/
STAT pathway ligand, at the PC (Ekas et al., 2006; Tsai and Sun,
2004; Tsai et al., 2007). With the help of heparan sulphate pro-
teoglycans (HSPGs) in the extracellular matrix (ECM), Upd diffuses
from the PC towards the anterior, activating JAK/STAT signalling in
receiving cells (Hayashi et al., 2012; Zhang et al., 2013). JAK/STAT
dually functions to promote growth throughout the disc and
repress wg transcription along the disc margins; another means by
which Wg signalling activity is excluded from the posterior of the
disc to enable the initiation of the MF and neurogenesis (Chao
et al., 2004; Ekas et al., 2006; Tsai and Sun, 2004; Tsai et al., 2007).
The Ras/MEK/MAPK pathway has also been implicated in the
initiation of retinal differentiation at the PC (Dominguez and
Hafen, 1997; Kumar and Moses, 2001). There is a complete absence
of retinal development when eye discs from individuals carrying a
temperature-sensitive mutation in the pathway receptor (epi-
dermal growth factor receptor; egfr) are shifted to the restrictive
temperature just prior to MF initiation (Kumar and Moses, 2001).
While Ras/MEK/MAPK signalling has been implicated in regulating
ey and eya expression, as well as Eya activity (Hsiao et al., 2001;
Salzer et al., 2010; Xiong et al., 2013), its mode of action during MF
initiation is poorly understood. Here, we show that eye domains
with compromised Ras/MEK/MAPK signalling fail to adopt retinal
fate; instead they take on head capsule and/or antennal fate,
resulting in adults with disrupted eye ﬁelds and expanded head/
antennal ﬁelds. These adult phenotypes are preceded by matching
changes in selector genes in the eye disc i.e. loss of eye selectors
and gain of head selectors in regions of compromised Ras/MEK/
MAPK signalling. Reduction of Ras/MEK/MAPK signallingphenocopies the loss of JAK/STAT signalling. Phenotypes associated
with loss of JAK/STAT signalling have been ascribed to de-repres-
sion of wg, which in turn results in the interruption of MF initia-
tion points and compromised retinal fate speciﬁcation (Ekas et al.,
2006; Tsai et al., 2007). Indeed, we observe non-autonomous
expansion of Wg-target expression domains and of the wg domain
when Ras/MEK/MAPK signalling is reduced. Interestingly, while
upd transcription is unaffected, we ﬁnd reduced expression of the
HSPG, Dally-like protein (Dlp) and a corresponding impairment of
Upd mobility in the ECM when Ras/MEK/MAPK pathway activity is
reduced. Loss of eye fate and expanded head/antennal fate can be
rescued signiﬁcantly by overexpressing the HSPGs, dally or dlp.
Therefore, we propose that Ras/MEK/MAPK signalling is required
for the expression of HSPGs, which facilitate Upd mobility in the
ECM, and that normal HSPG expression is essential for eye-fate
speciﬁcation through JAK/STAT suppression of wg.Materials and methods
Fly stocks and genetics
We used the following mutant and transgenic ﬂies in this study
(individual genotypes are enclosed in {} and are separated by
commas):
{w1118}, {Dsor1LH110,FRT101/FM7a} (BL#5545), {ubi-GFP, FRT101A;
eyﬂp}, {Dsor1K7D13, FRT19A/FM7c}, {ubi-GFP, FRT19A; eyﬂp},
{hsﬂp122,ubi-RFP,FRT19A} (gifts from J. Triesman), {eyg-GAL4/TM6B}
(BL#46190), {UAS-dcr2} (BL#24651, BL#24650), {UAS-dcr2;eyg-GAL4/
TM6B }, {UAS-GFP;eyg-GAL4/TM6B }, {UAS-p35} (BL#5072), {UAS-p35;
eyg-GAL4/TM6B}, {UAS-Dsor1RNAi} (VDRC#107276), {UAS-Dsor1RNAi;
UAS-dcr2}, {UAS-rlRNAi} (BL#34855), {UAS-RasN17} (BL#4845), {UAS-
Dsor1} (FlyORF#001292), {UAS-rlsem}, {UAS-dallyRNAi} (BL#28747,
BL#33952 and VDRC#14136), {UAS-dlpRNAi} (BL#34089, BL#34091 and
VDRC#10298), {UAS-dally} (BL#5397), {UAS-dlp} (BL#9160),
{UAS-sﬂRNAi} (BL#50538), {UAS-sﬂ} (BL#21840), {mirr-GAL4/TM6B}
(BL#29650), {updLacZ} or posterior dot (Sun et al., 1995), {updLacZ;
UAS-Dsor1RNAi}, {10xStat92E-GFP} (BL#26197), {10xStat92E-GFP;eyg-
GAL4/TM6B}, {dppLacZ/CyO; eyg-GAL4/TM6B}, {UAS-sggRNAi}
(VDRC#101538), {UAS-ck1αRNAi} (VDRC#110768), {wg-LacZ/CyO} (Kas-
sis et al., 1992), {wg-LacZ/CyO; eyg-GAL4/TM6B}, {fz3LacZ} (Sato et al.,
1999), {fz3LacZ;mirr-GAL4/TM6B}, {Fz3-RFP} (a gift from Ramanuj
Dasgupta) and {UAS-Dsor1RNAi;Fz3-RFP}.
RNAi knockdowns
In all RNAi misexpression experiments except Fig. 4D, we co-
expressed UAS-dicer 2 (dcr2) to enhance the knockdown efﬁciency.
Immunocytochemistry
Eye discs of third instar larvae were dissected in 1 phos-
phate-buffered saline (PBS), ﬁxed in 4% formaldehyde, blocked in
5% normal donkey serum and stained using standard protocols for
all antibodies with the exception of extracellular-Upd. Ex-Upd
stains were performed according to published extracellular anti-
body protocols (Baeg et al., 2001; Strigini and Cohen, 2000).
Brieﬂy, discs were incubated in primary antibody at 4 °C before
ﬁxation, to allow primary antibody binding in the absence of
endocytosis. After ﬁxation, standard protocols were used.
The following primary antibodies were used in this study: mouse
anti-Arm (1:100; DSHB; Wieschaus, E), rat anti-Elav (1:200; DSHB;
Rubin, G.M.), rabbit anti-βGal (1:1000; Cappel), rabbit anti-Hth
(1:1000; a gift from Richard Mann), mouse anti-Cut (1:20; DSHB;
Rubin, G.M.), mouse anti-Eya (1:100; DSHB; Benzer, S./Bonini, N.M.),
mouse anti-Dac2–3 (1:100; DSHB; Rubin, G.M.), mouse anti-Dlp (1:50;
V.M. Fernandes et al. / Developmental Biology 402 (2015) 109–118 111DSHB; Beachy, P.A.), mouse anti-Wg (1:50; DSHB; Cohen, S.M.), Rabbit
anti-Upd (1:100), Secondary antibodies were FITC anti-mouse, FITC
anti-rat, DyLight649 anti-mouse, Cy3 anti-rabbit and DyLight649 anti-
rat (Jackson Immunochemicals).Results
Compromised Ras/MEK/MAPK signalling results in gain of head/
antennal fate at the expense of eye fate
While performing a screen for regulators of Drosophila eye
development, we observed striking and previously undescribed
adult phenotypes when we knocked down a component of Ras/
MEK/MAPK signalling in the eye disc. We used the eye gone (eyg)-
GAL4 driver to express RNAi in a wedge along the DV boundary of
the eye disc during L2 and L3 (Figs. S1A and S2A; Wang et al.,
2008; Yao and Sun, 2005). Knockdown of downstream of Raf1
(Dsor1 or Drosophila MEK; Fig. 1A) with eyg-GAL4 (eyg4Dsor1RNAi)
resulted in adults with split eye ﬁelds separated by ectopic
antennal or head cuticle along the presumptive DV boundary
(Fig. 1C). While adult phenotypes showed some variation in
strength (Fig. S1B–G), including complete loss of the compound
eye replaced by antennal/head cuticle on rare occasions (o5%;
N¼56; Fig. S1G), individuals with split eye ﬁelds made up the
majority of adult phenotypes observed (480%, N¼56). Dsor1
knockdown in ﬂip-out clones also produced adults with reduced
eye ﬁelds and ectopic head/antennal tissue (Fig. 1D) suggesting
that these phenotypes are not speciﬁc to the eyg-GAL4 driver but
reﬂects a real requirement for Dsor1 in eye fate speciﬁcation
during eye disc development. The Ras/MEK/MAPK pathway is
known to positively regulate cell survival in the posterior region of
the disc (Baker et al., 2001; Bergmann et al., 1998; Wu et al., 2009;
Yang et al., 2003). Importantly, blocking Caspase-dependant cell
death by co-expressing the baculovirus anti-apoptotic protein p35
(Hay et al., 1994) did not rescue eye fate in the Dsor1 knockdown
eyes (Fig. S1H), indicating that impaired cell survival is not theFig. 1. Head/antennal cuticle expands at the expense of the compound eye when Ras/M
MAPK pathway, whose activity is triggered by receptor tyrosine kinases (RTKs; primarily
a phosphorylation cascade that ultimately leads to changes in target gene expression. (B)
which head/antennal cuticle has expanded into the compound eye domain, splitting the
at the expense of compound eye is observed when Dsor1RNAi actin ﬂip-out clones are indu
expressed as a titration control. (F) Co-expression of wildtype Dsor1 and (G) an acti
phenotype.main cause of the lack of retinal/eye tissue in these animals. Thus
we conclude that Dsor1 is required in specifying eye fate.
Next we tested whether the phenotype in Dsor1 knockdowns
was due to a loss of Ras/MEK/MAPK signalling in these animals or
to another uncharacterised function of Dsor1. Thus we sought to
knockdown other pathway members (Fig. 1A). eyg-GAL4 driven
expression of a dominant negative form of the EGFR (UAS-EgfrDN),
a dominant negative form of Ras (UAS-RasDN) and RNAi knock-
down of rolled (rl or Drosophila MAPK) also produced ectopic
antennae and reduced eye ﬁelds (Fig. S1I–O). EgfrDN phenotypes
tended to be more severe while RasDN and rlRNAi phenotypes ten-
ded to be milder than those caused by Dsor1 knockdown. These
differences are likely due to different strengths of pathway inac-
tivation achieved by these different transgenic constructs.
As a further control to conﬁrm that the effects of Dsor1
knockdown were due to loss of MAPK pathway activity, we
attempted to rescue the knockdown phenotype. First, we restored
Dsor1 expression in eyg4Dsor1RNAi discs by co-expressing wild-
type UAS-Dsor1. This produced a near complete rescue of the split
eye ﬁeld and ectopic head cuticle phenotype (Fig. 1F), demon-
strating that the Dsor1 knockdown phenotype is due to speciﬁc
knockdown. We ruled out that this rescue could be due to titration
of GAL4 by the presence of multiple UAS sequences by including a
UAS-GFP in the Dsor1 knockdown alone (Fig. 1E). To test for the
requirement of the canonical Ras/MEK/MAPK pathway in med-
iating Dsor1's effects in eye speciﬁcation, we co-expressed an
activated form of rl (UAS-rlsem), along with RNAi against Dsor1
using the eyg-GAL4 driver. Here too, we observed a rescue of the
Dsor1 knockdown phenotype (Fig. 1G). Together, these data
implicate that Dsor1 acts through the canonical Ras/MEK/MAPK
pathway to regulate the balance between retinal and antennal/
head fate.
Expression domains of eye selectors are reduced when Ras/MEK/
MAPK signalling is compromised
The enlargement of antennal and head cuticle at the expense of
compound eye when Dsor1 is knocked down suggestedEK/MAPK signalling is compromised. (A) A schematic illustration of the Ras/MEK/
EGFR at this stage of Drosophila eye development). The pathway is characterised by
A control eyg4dcr2 adult eye. (C) Dsor1 knockdown by eyg-GAL4 leads to adults in
eye along the DV boundary. (D) A similar adult phenotype of expanded head cuticle
ced in the larval stages. (E) A phenotype similar to (C) is observed evenwhen GFP is
vated form of Drosophila MAPK, Rolled (rlsem) both rescue the Dsor1 knockdown
Fig. 2. Eye-fate selectors decrease when Ras/MEK/MAPK signalling is compromised. (A) A control eye disc showing the MF marked by Arm enrichment and photoreceptors
marked by ELAV. (B) Dsor1 knockdown by eyg-GAL4 leads to two smaller eye ﬁelds with two MFs (arrowheads) and two ELAV-positive photoreceptor domains. (C) The eye-
fate selector Eya is expressed in developing photoreceptors and in a broad band in the anterior. (D) Eya expression is reduced along the DV boundary (arrowhead) when
Dsor1 is knocked down by eyg-GAL4. (E) Dac, another eye-fate selector is expressed at high levels in the neighbourhood of the MF and at low levels posterior to it. (F) Dsor1
knockdown by eyg-GAL4 leads to reduced Dac expression along the DV boundary (arrowhead). (G) Eya and (H) Dac expression in discs containing GFP-positive actin ﬂip-out
clones expressing Dsor1RNAi. Clonal Dsor1 knockdown causes autonomous reductions in Eya and Dac expression i.e. changes in expression were restricted to clones but did
not always affect the entire clone area (scale bars¼50 mm).
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disc development. Therefore, we examined eyg4Dsor1RNAi third
instar eye–antennal discs for eye and head/antennal fate markers
and selectors. In eyg4dcr2 control discs, Armadillo (Arm) marks
apical cell membranes and is enriched in the apically constricting
MF cells. The MF appears as a continuous band that spans the
width of the disc along its entire DV extent (Fig. 2A). ELAV, a pan-
neuronal factor, marks developing photoreceptors in a single
continuous domain posterior to the MF (Fig. 2A). In Dsor1 knock-
down discs we observed two separate MFs as seen with Arm
(Fig. 2B) and the MF marker dpp-lacZ (Fig. S2C), and two domains
of ELAV-positive photoreceptors (Figs. 2B and S2C) on either side
of the eyg-GAL4 expressing region (Fig. S2A).
Next we examined whether the expression of eye selectors was
affected when Dsor1 was knocked down. In control discs, Eya is
expressed in the developing photoreceptors posterior to the MF,within the MF and just anterior to it (Fig. 2C), while Dac is
expressed at high levels anterior to the MF, within it and in the
youngest photoreceptors just posterior to the MF; it then drops to
low levels in older or more posterior photoreceptors (Fig. 2E). Both
Eya and Dac, displayed reduced expression along the DV boundary
of the disc in eyg4Dsor1RNAi discs (Fig. 2D and F). Using clonal
analysis to test for autonomy, we found that Eya and Dac expres-
sion were reduced autonomously in Dsor1RNAi ﬂip-out clones and
somatic clones (Fig. 2G–H, S2D and data not shown). Reduced Eya
expression when Dsor1 is knocked down is consistent with other
reports of Eya regulation by members of the Ras/MEK/MAPK
pathway, including Ras, Pointed (Pnt) and Yan (Salzer et al., 2010).
Together these data show that compromising Ras/MEK/MAPK
signalling by Dsor1 knockdown results in reduced expression of
multiple eye-fate selector factors.
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Ras/MEK/MAPK signalling is compromised
We tested whether the antennal/head-fate selector Cut is
affected by Dsor1 knockdown. In control discs, Cut is expressed in
the outer rings of the antennal disc and in the anterior-most
regions of the eye disc (Fig. 3A). It is also expressed in developing
cone cells in the posterior of the eye disc, independent of its role as
an antennal/head-fate selector factor (Fig. 3A) (Blochlinger et al.,
1993; Cordero and Cagan, 2010). In eyg4Dsor1RNAi discs we
observed an expansion of the Cut expression domain in the
anterior region of the eye disc as well as ectopic Cut along the DV
boundary region dividing the two ELAV-positive photoreceptor
domains (Fig. 3B). Dsor1RNAi ﬂip-out clones showed that ectopic
Cut expression occurs autonomously. Ectopic Cut was restricted to
Dsor1RNAi clones; however it did not occupy the entire clone region
(Fig. 3C and D).Fig. 3. Head/antennal-fate selectors expand when Ras/MEK/MAPK signalling is compro
outer rings of the antenna and the anterior most region of the eye disc. (B) Cut express
Similarly, (C) and (D; zoom-in of C) Dsor1RNAi ﬂip-out clones showed ectopic Cut expressi
the head/antennal-fate selector and Wg signalling target Hth is expressed at high leve
expression is autonomously and non-autonomously expanded when Dsor1 is knocked do
well as non-autonomously expanded along the disc margins towards the posterior. (G) an
expression (scale bars¼50 mm).Multiple groups have recently demonstrated that regional fate
speciﬁcation is the outcome of competition between distinct fate-
selector networks (Wang and Sun, 2012; Weasner and Kumar,
2013). Hth is genetically upstream of Cut (Dong et al., 2002), and
like Cut also promotes antennal/head fate while antagonising eye
selectors (Wang and Sun, 2012). Since we observe ectopic Cut
expression when Ras/MEK/MAPK signalling is compromised, we
tested whether Hth expression was also affected in this context. In
control discs, Hth is expressed at high levels in the antennal disc
and in the anterior most region of the eye disc, and at low levels
everywhere else (Fig. 3E). eyg4Dsor1RNAi resulted in ectopic Hth
in the DV boundary region where eyg-GAL4 drives expression
(Fig. 3F). Additionally, we observed a non-autonomous expansion
of the Hth expression domain at the disc margins, such that Hth
expression extended much further towards the posterior at the
margins when compared with control discs (Fig. 3F). We used
Dsor1RNAi ﬂip-out clones to speciﬁcally address the autonomy of
these effects and found that in discs containing clones ectopic Hthmised. (A) In control discs, the head/antennal-fate selector Cut is expressed in the
ion expands into the eyg-GAL4 domain when Dsor1 is knocked down by eyg-GAL4.
on restricted to clones but not occupying the entire clone region. (E) In control discs
ls in the outer antennal rings and in the anterior region of the eye disc. (F) Hth
wn by eyg-GAL4. Ectopic Hth is observed in the eyg-GAL4 domain (autonomous) as
d (H; zoom-in of G) Dsor1RNAi ﬂip-out clones showed non-autonomous ectopic Hth
V.M. Fernandes et al. / Developmental Biology 402 (2015) 109–118114was both autonomous and non-autonomous (Fig. 3G and H). We
obtained similar results when we knocked down Dsor1 by RNAi
using the mirror (mirr)-GAL4 driver, which drives expression in the
dorsal compartment of the disc (Fig. S3D). Together with our
previous results these data show that compromised Ras/MEK/
MAPK signalling results in ectopic expression of antennal/head
fate selectors at the expense of eye-fate selectors.
Dsor1 knockdown results in non-autonomous expansion of Wg
signalling
In addition to functioning as an antennal/head-fate selector,
Hth is also a target and effector of Wg signalling, which con-
tributes to inhibition of MF progression and retinal differentiation
(Baonza and Freeman, 2002; Lopes and Casares, 2010; Pichaud and
Casares, 2000; Treisman and Rubin, 1995). Thus we tested whether
altered Wg signalling could explain the Dsor1 knockdown eye
phenotype. Indeed, when the negative regulators of Wg signalling,
Shaggy (Sgg) (Heslip et al., 1997) or Casein kinase 1α (Ck1α)
(Legent et al., 2012), are knocked down by eyg-GAL4 driven RNAi,
they phenocopy Dsor1 knockdown adults (Fig. S3A and B). We
tested whether another Wg target, frizzled3 (fz3) (Sato et al., 1999),
was affected by reduced Ras/MEK/MAPK signalling. We examined
the expression of the Fz3-RFP expression reporter (Olson et al.,
2011) and the enhancer trap fz3-LacZ. High Fz3-RFP expression is
restricted to the anterior disc margins in control discs (Fig. 4A) but
was expanded non-autonomously along the margins in discs in
which Dsor1 is knocked down along the dorso-ventral boundary
(Fig. 4B). Similar effects were observed for fz3-LacZ when we used
mirr-GAL4 to knockdown Dsor1 (Fig. S3F).Fig. 4. Dsor1 knockdown results in non-autonomous expansion of Wg signalling. (A) Th
control discs (B) Fz3-RFP expands non-autonomously in eyg4dcr2, Dsor1RNAi discs (C) wg
dorsal margin and along the anterior ventral margin of control eye discs. (D) Dsor1 kn
autonomous expansion of the wg-LacZ domain (arrowhead). (E) In control discs Wg is exp
in the central region (arrowhead) of a disc containing Dsor1RNAi actin ﬂip-out clones (scThe striking similarity between the Dsor1 knockdown pheno-
type and knockdowns of negative regulators of Wg signalling
combined with the observed elevation in Wg targets in Dsor1
knockdowns led us to examine the levels of Wg itself. We analysed
both wg transcription and Wg protein expression by examining
the enhancer trapwg-LacZ and by using an antibody against Wg. In
control discs, wg-LacZ and Wg are expressed in a dorsal wedge in
the antennal disc and at the anterior margins of the eye disc
(Fig. 4C and E). In eyg4Dsor1RNAi,GFP discs where GFP marks the
eyg-GAL4 domain, we observed a non-autonomous expansion of
wg-LacZ expression (Fig. 4D). Similarly, Dsor1RNAi ﬂip-out clones
induced ectopic Wg expression in the central region of the disc
non-autonomously (Fig. 4F). Collectively these data suggest that
compromised Ras/MEK/MAPK signalling results in a non-autono-
mous de-repression of wg transcription in the eye disc, leading to
upregulation of Wg targets and phenotypes that are similar to Wg
gain of function (i.e. gain of head tissue at the expense of eye).
upd expression is unaffected by Dsor1 knockdown
The non-autonomous effects of Dsor1 knockdown on wg tran-
scription and Wg signalling suggested the involvement of a long-
range signalling factor that acts to suppress Wg transcription. One
such pathway well characterised for its role in the initiation of
retinal differentiation is the JAK/STAT pathway (Ekas et al., 2006;
Tsai and Sun, 2004; Tsai et al., 2007). The JAK/STAT activating
ligand upd is transcribed in only a small group of cells at the PC
(Tsai and Sun, 2004). It diffuses to exert long range effects, a
process that requires the HSPGs Dally and Dlp (Hayashi et al.,
2012; Tsai and Sun, 2004; Zhang et al., 2013).e RFP reporter of the Wg target Fz3 is expressed at the anterior eye disc margins in
-LacZ is expressed in a wedge in the antennal disc, in two large spots at the anterior
ockdown by eyg-GAL4, where the driver domain is marked by GFP, leads to non-
ressed along the anterior margins. (F) Wg expression is induced non-autonomously
ale bars¼50 mm).
Fig. 5. JAK/STAT signalling is perturbed by reduced Ras/MEK/MAPK signalling. (A) In control discs upd is expressed in a small cluster of cells at the posterior centre of the
disc. (B) upd-LacZ expression is unaffected when Dsor1 is knocked down by eyg-GAL4. (C) In control discs the 10xStat92E-GFP reporter is expressed in the antennal disc and
in the posterior compartment of the eye disc, and (D) in eyg4dcr2, Dsor1RNAi discs, 10xStat92E-GFP expression is maintained in the posterior eyg-GAL4 region but decreased
in the regions ﬂanking it. (E) In control discs ex-Upd is enriched in the posterior region of the disc and at high levels near the PC. (F) The posterior enrichment of ex-Upd is
severely reduced in eyg4dcr2, Dsor1RNAi discs, and it appears to accumulate to higher levels near the PC (scale bars¼50 mm).
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STAT pathway to affect wg expression. Using upd-LacZ (also known
as ‘Posterior dot’) (Sun et al., 1995), we tested whether upd
expression is altered in eyg4Dsor1RNAi discs. Surprisingly upd-
LacZ expression at the PC was largely unchanged in Dsor1 knock-
down discs compared with controls (Fig. 5A and B). This indicates
that Ras/MEK/MAPK signalling does not regulate upd expression,
as the eyg-GAL4 domain encompasses the upd expression domain.JAK/STAT signalling activity and Upd mobility are perturbed in Dsor1
knockdowns
Next, we tested whether JAK/STAT activity is normal when Ras/
MEK/MAPK signalling is compromised. To do so we used the
10xStat92E-GFP reporter, which faithfully recapitulates transcrip-
tional activity of the JAK/STAT pathway effector, Stat92E (Bach
et al., 2007). In controls, 10xStat92E-GFP is observed in the pos-
terior region of the eye disc (Fig. 5C). Strikingly, in eyg4Dsor1RNAi
discs, 10xStat92E-GFP was present and slightly increased in the
eyg-GAL4 region, but strongly reduced in the two ﬂanking photo-
receptor domains (Fig. 5D). Thus JAK/STAT signalling activity is
reduced without any detectable change in ligand expression in
Dsor1 knockdowns, a surprising observation. One possible expla-
nation is that even though upd expression is unaffected, its
mobility in the ECM may be affected by Dsor1 knockdown, leading
to impaired JAK/STAT activation. We therefore examined the
extracellular distribution of Upd (ex-Upd). As previously reported,
in control discs ex-Upd is observed throughout the disc and is
enriched in the region posterior to the MF and at very high levels
near its source at the PC (Fig. 5E) (Zhang et al., 2013). In
eyg4Dsor1RNAi discs however, ex-Upd localisation in the posterior
of the disc was greatly reduced; but increased signal intensity was
observed in the vicinity of the PC (Fig. 5F). Thus in Dsor1 knock-
downs, there is less diffusion of Upd protein from its source. These
data indicate that while Ras/MEK/MAPK signalling does not reg-
ulate upd expression, it does regulate the extracellular distribution
of Upd and therefore the reach of JAK/STAT signalling activity.Fig. 6. Overexpression of HSPGs rescues the regional-fate speciﬁcation defects caused by
centre is lost in an actin ﬂip-out clone expressing Dsor1RNAi (See Figure S4 for wildtype D
adult. (C) sﬂ knockdown by eyg-GAL4 phenocopied eyg4dcr2, Dsor1RNAi adults. (D and
bar¼50 mm).Ras/MEK/MAPK signalling regulates JAK/STAT activity via HSPGs
Recent studies have demonstrated the importance of HSPGs in
mediating Upd mobility in the ECM during eye development
(Hayashi et al., 2012; Zhang et al., 2013). Since Upd mobility was
perturbed when Ras/MEK/MAPK signalling was compromised, we
tested whether the expression of the HSPG Dlp was altered under
these conditions. In control discs, Dlp is expressed in a dynamic
pattern; it is detected at high levels in the outer rings of the
antennal disc and in the anterior-most regions of the eye disc. It is
also observed in a broad band in the region of the MF just anterior
to developing photoreceptors (Fig. S4A). Finally, in support of its
role in regulating Upd mobility, it is expressed in the region adja-
cent to the PC in the posterior half of the disc (Fig. S4A). Consistent
with the effects of Dsor1 knockdown on Upd mobility, Dlp expres-
sion adjacent to the PC was lost in Dsor1RNAi ﬂip-out clones (Fig. 6A).
Loss of HSPGs in the eye disc has not previously been reported
to perturb regional-fate speciﬁcation (Zhang et al., 2013). To test
whether HSPGs affect regional speciﬁcation we used the eyg-GAL4
driver to knockdown Dlp or Dally by RNAi in the eye disc. These
had very minor defects; adults displayed a rough eye in the eyg-
GAL4 domain (Fig. 6B and data not shown). Since Dally and Dlp
were shown to function redundantly to promote Upd mobility, we
speculated that the mild defects we observed with individual
knockdowns may be due to their functional redundancy. There-
fore, we blocked the biogenesis of all HSPGs by knocking down
sulfateless (sﬂ), a factor required for sulfation on heparan sulphate
chains (Lin and Perrimon, 1999). eyg-GAL4mediated knockdown of
slf phenocopied compromised Ras/MEK/MAPK signalling, such
that adults possessed ectopic antennal/head tissue in the eyg-GAL4
region at the expense of compound eye (Fig. 6C).
Lastly, we tested whether sﬂ, dlp or dally overexpression could
rescue the adult phenotype caused by eyg4Dsor1RNAi. Over-
expression of slf or dlp alone had no obvious effects on the com-
pound eye (Fig. S4B and C), whereas dally overexpression resulted
in overgrowth of both retinal and head/antennal tissue (Fig. S4D).
When co-expressed with Dsor1RNAi, overexpression of sﬂ did not
rescue the Dsor1 knockdown phenotype (Fig. S4E). However, both
dlp and dally overexpression resulted in partial rescues of the adult
compound eye in Dsor1 knockdowns (Fig. 6D and E and S4F–I).reduced Ras/MEK/MAPK. (A) Dlp expression in the region adjacent to the posterior
lp expression). (B) dlp knockdown alone by eyg-GAL4 had very minor defects in the
E) dlp and dally overexpression rescues the Dsor1 knockdown phenotype (scale
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less than 30% showed reduced or split eyes compared to more
than 80% for eyg4Dsor1RNAi adults. Importantly, a complete loss of
the compound eye (as in Fig. S1G) was never observed (N¼19).
The effects of overexpressing Dally were sensitive to temperature-
dependant changes in expression; crosses raised at 29 °C did not
eclose due to an apparent defect in disc eversion (data not shown),
whereas this was not the case for dlp overexpression. Together,
these data indicate that Ras/MEK/MAPK signalling is required for
the appropriate expression of HSPGs. These latter are essential to
ensure Upd diffusion and JAK/STAT activation, and in turn to
suppress wg expression and permit eye fate and prevent expan-
sion of antennal/head cuticle.Discussion
In this study, we show that Ras/MEK/MAPK signalling and HSPGs
are important for regional-fate speciﬁcation of the Drosophila retina
during development. We ﬁnd that compromised Ras/MEK/MAPK
signalling phenocopies gain of Wg signalling, which results in
expanded antennal/head fate at the expense of retinal fate in this
region. This leads to the development of adults with compound eyes
split along the DV boundary, which itself develops into antennal/
head cuticle. When Ras/MEK/MAPK signalling is compromised, we
observe impaired Upd mobility in the ECM, and show that HSPG
expression is decreased. HSPG overexpression can rescue defects in
regional-fate speciﬁcation caused by compromised Ras/MEK/MAPK
signalling. Since Upd activates the JAK/STAT pathway, which is
required to suppress wg, we propose a model in which HSPG
expression downstream of Ras/MEK/MAPK signalling promotes the
diffusion of Upd, which is secreted from the PC. Upd diffuses away
from the PC and activates JAK/STAT signalling to suppress wg tran-
scription at the posterior disc margins, thus promoting retinal fate
speciﬁcation through photoreceptor differentiation (Ekas et al.,
2006; Tsai et al., 2007). Our study identiﬁes a novel mode by which
signal transduction pathways intersect with selector networks to
promote regional fate speciﬁcation during development.
Ras/MEK/MAPK signalling regulates regional fate speciﬁcation
One possible interpretation of our results is an autonomous loss
of eye fate since Ras/MEK/MAPK signalling directly promotes eya
expression and Eya activity (Hsiao et al., 2001; Salzer et al., 2010).
However, while loss of eya alone is sufﬁcient to explain the loss of
retinal tissue, it cannot account for the gain in antennal/head fate;
eya2 homozygotes lack eyes but do not possess ectopic antennal/
head tissue (Bui et al., 2000). Antennal/head and eye selector factors
mutually antagonise each other, so loss of multiple eye selectors (Eya
and Dac) may be consistent with autonomous increases in the head
selectors Cut and Hth. However, we observed both autonomous and
non-autonomous effects on Hth expression, thus Ras/MEK/MAPK's
regulation of eye selector factors alone is not sufﬁcient to explain the
Dsor1 knockdown phenotype. Antennal/head fate is also regulated
by Wg signalling, which suppresses retinal fate. Our data suggest
that at least part of the ectopic antennal/head fate selector factor
expression we observe is due to non-autonomous changes in wg
transcription and, therefore, Wg signalling. Wg inhibits both eye-fate
selectors and photoreceptor differentiation (or neural competence)
while also promoting head/antennal-fate selectors (reviewed by
Roignant and Treisman, 2009). Affecting a master regulator like Wg
must ultimately ﬁlter down to the level of both regional-fate spe-
ciﬁcation and retinal differentiation and is therefore likely to dom-
inate the outcome of signalling interactions. It is surprising that out
of Ras/MEK/MAPK’s many contributions during these stages of
development (Domínguez et al., 1998; Robertson et al., 2012; Yangand Baker, 2001), restoration of HSPGs alone signiﬁcantly rescues
regional identity. One possible explanation is that RNAi-mediated
knockdown of Dsor1 results in an incomplete knockdown and resi-
dual Ras/MEK/MAPK activity. Indeed, distinct thresholds of activity
have been implicated in its ability to regulate multiple processes
during eye development (Halfar et al., 2001).
Ras/MEK/MAPK signalling permissively regulates other signalling
pathways to promote retinal fate
The ﬁrst step of retinal differentiation begins with Upd secre-
tion from the PC. From there Upd diffuses and activates JAK/STAT
signalling, which indirectly suppresses wg expression at the disc
margins by an unknown mechanism; this serves to restrict Wg
signalling activity to more anterior regions of the disc (Ekas et al.,
2006; Tsai et al., 2007). Upd mobility in the ECM is facilitated by
HSPGs, the loss of which reduces overall JAK/STAT activity
(Hayashi et al., 2012; Zhang et al., 2013). Here we ﬁnd that when
Ras/MEK/MAPK signalling is reduced, Dlp expression is lost in the
region adjacent to the PC. The diffusion of numerous morphogens
in the ECM is regulated by HSPGs, including Wg, Hh, Dpp and Upd
(Baeg et al., 2001; Belenkaya et al., 2004; Hayashi et al., 2012;
Tsuda et al., 1999; Yan et al., 2010). While well characterised for
their positive roles in Wg signal transduction (Lin and Perrimon,
1999), here reduced HSPG levels in the region adjacent to the PC
by Dsor1 knockdown are associated not with decreased Wg sig-
nalling but with non-autonomous expansion of the wg transcrip-
tional domain. This suggests that, at least in this restricted region
(near the PC), the major function of HSPGs may not be to regulate
Wg mobility. Hh and Upd signalling levels are important for MF
initiation (Ekas et al., 2006; Greenwood and Struhl, 1999; Tsai and
Sun, 2004; Zhang et al., 2013). While we did not examine whether
Hh signalling/diffusion was affected by the observed decreases in
Dlp expression in Dsor1 knockdown discs, we observed a reduc-
tion in Upd mobility. Upd was not present throughout the pos-
terior disc but instead accumulated adjacent to its point of secre-
tion (the PC). JAK/STAT activity is maintained in this central region
in Dsor1 knockdowns but is reduced at the disc margins, where
others have shown that it is required to suppress wg expression
indirectly (Ekas et al., 2006; Tsai et al., 2007). Since overexpression
of dlp and dally can substantially rescue the Dsor1 knockdown
phenotype and since blocking HSPG biogenesis by knocking down
Sﬂ can phenocopy Dsor1 knockdown, these retinal differentiation
defects are likely due to regulation of Upd diffusion by Ras/Mek/
MAPK signalling via HSPGs. HSPGs undergo several post-transla-
tional modiﬁcations during their biogenesis. Ras/MEK/MAPK sig-
nalling may therefore regulate the transcriptional expression of
HSPGs, their post-translational processing or their localisation.
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